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AUDIO SIGNAL PROCESSING APPARATUS
AND METHOD FOR BINAURAL
RENDERING

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit under 35 U.S.C. § 120
and § 363(c) to a prior PC'T International Application No.
PCT/KR2015/013277, filed on Dec. 4, 2015, which claims
the benefit of Korean Patent Application No. 10-2014-
0173420, filed on Dec. 4, 2014, Korean Patent Application
No. 10-2015-0015566, filed on Jan. 30, 2015, and Korean
Patent Application No. 10-2015-0116374 filed on Aug. 18,
2013, the entire contents of which are incorporated herein by
reference.

TECHNICAL FIELD

The present invention relates to an audio signal process-
ing apparatus and an audio signal processing method for
performing binaural rendering.

BACKGROUND ART

3D audio collectively refers to a series of signal process-
ing, transmitting, coding, and reproducing technologies
which provide another axis corresponding to a height direc-
tion to a sound scene on a horizontal surface (2D) which 1s
provided from surrounding audio of the related art to pro-
vide sound having presence 1n a three dimensional space.
Specifically, in order to provide 3D audio, a larger number
of speakers need to be used as compared than the related art
or a rendering technique which forms a sound 1mage 1n a
virtual position where no speaker 1s provided even though a
small number of speakers are used 1s required.

The 3D audio may be an audio solution corresponding to
an ultra high defimition TV (UHDTV) and 1s expected to be
used 1n various fields and devices. There are channel based
signals and object based signals as a sound source which 1s
provided to the 3D audio. In addition, there may be a sound
source 1 which the channel based signals and the object
based signals are mixed and thus a user may have a new type
of listening experience.

Meanwhile, the binaural rendering is a processing which
models an input audio signal as a signal which 1s transferred
to both ears of a human. The user could feel a 3D sound
ellect by listening to two channel output audio signals which
are binaurally rendered through a headphone or an earphone.
Therefore, when the 3D audio 1s modeled as an audio signal
which 1s transferred to the ears of a human, a 3D sound effect
of 3D audio may be reproduced through two channel output
audio signals.

DISCLOSURE

Technical Problem

The present invention has been made in an effort to
provide an audio signal processing apparatus and an audio
signal processing method to perform binaural rendering.

The present invention has also been made 1n an effort to
perform ethicient binaural rendering on object signals and
channel signals of 3D audio.

The present invention has also been made 1n an effort to
implement immersive binaural rendering on audio signals of
virtual reality (VR) contents.
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Technical Solution

In order to obtain the above object, the present invention
provides an audio signal processing method and an audio
signal processing apparatus as follows.

An exemplary embodiment of the present invention pro-
vides an audio signal processing apparatus to perform bin-
aural filtering an mnput audio signal, including: a first filter-
ing unit which filters the mput audio signal by a first lateral
transier function to generate a first lateral output signal; and
a second filtering unit which filters the input audio signal by
a second lateral transier function to generate a second lateral
output signal, in which the first lateral transfer function and
the second lateral transfer function may be generated by
modifying an interaural transfer function (ITF) obtained by
dividing a first lateral head related transfer function (HRTF)
by a second lateral HRTF with respect to the input audio
signal.

The first lateral transfer function and the second lateral
transier function may be generated by modifying the I'TF
based on a notch component of at least one of the first lateral
HRTF and the second lateral HRTF with respect to the input
audio signal.

The first lateral transfer function may be generated based
on the notch component extracted from the first lateral
HRTF and the second lateral transier function may be
generated based on a value obtained by dividing the second
lateral HRTF by an envelope component extracted from the
first lateral HRTF.

The first lateral transfer function may be generated based
on the notch component extracted from the first lateral
HRTF and the second lateral transfer function may be
generated based on a value obtained by dividing the second
lateral HRTF by an envelope component extracted from a
first lateral HRTF which has a different direction from the
input audio signal.

The first lateral HRTF having the different direction may
be a first HRTF having the same azimuth as the mput audio
signal and having an altitude of zero.

The first lateral transfer function may be finite 1mpulse
response (FIR) filter coeflicients or infinite impulse response
(IIR) filter coeflicients generated using a notch component
of the first lateral HRTF.

The second lateral transfer function may include an
interaural parameter generated based on an envelope com-
ponent of a first lateral HRTF and an envelope component of
a second lateral HRTF with respect to the mput audio signal
and 1impulse response (IR) filter coellicients generated based
on a notch component of the second lateral HRTF, and the
first lateral transfer function may include IR filter coetl-
cients generated based on a notch component of the first
lateral HRTF.

The interaural parameter includes an interaural level
difference (ILD) and an imteraural time difference (ITD).

Next, another exemplary embodiment of the present
invention provides an audio signal processing apparatus to
perform binaural filtering an input audio signal, including an
ipsilateral filtering unit which filters the input audio signal
by an 1ipsilateral transfer function to generate an 1psilateral
output signal; and a contralateral filtering unit which filters
the input audio signal by a contralateral transfer function to
generate a contralateral output signal, in which the 1psilateral
and contralateral transfer functions are generated based on
different transier functions in a first frequency band and a
second frequency band.

The 1psilateral and contralateral transter functions of the
first frequency band may be generated based on an interaural
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transier function (ITF) and the ITF may be generated based
on a value obtained by dividing an ipsilateral head related
transier function (HRTF) by a contralateral HRTF with
respect to the input audio signal.

The 1psilateral and contralateral transfer functions of the
first frequency band may be an 1psilateral HRTF and a
contralateral HRTF with respect to the mput audio signal.

The 1psilateral and contralateral transfer functions of the
second frequency band which 1s different from the first
frequency band may be generated based on a modified
interaural transfer function (MITF), and the MITF may be
generated by moditying an interaural transter function (ITF)

based on a notch component of at least one of an 1psilateral
HRTF and a contralateral HRTF with respect to the mput
audio signal.

The 1psilateral transier function of the second frequency
band may be generated based on a notch component
extracted from the ipsilateral HRTF and the contralateral
transfer function of the second frequency band may be
generated based on a value obtained by dividing the con-

tralateral HRTF by an envelope component extracted from
the 1psilateral HRTF.

The 1psilateral and contralateral transfer functions of the
first frequency band may be generated based on information
extracted from at least one of an interaural level diflerence
(ILD), an interaural time difference (ITD), an interaural
phase difference (IPD), and an interaural coherence (IC) of
the 1psilateral HRTF and the contralateral HRTF with
respect to the input audio signal for each frequency band.

The transier functions of the first frequency band and the
second frequency band may be generated based on infor-
mation extracted from the same 1psilateral and contralateral
HRTFs.

The first frequency band may be lower than the second
frequency band.

The 1psilateral and contralateral transier functions of the
first frequency band may be generated based on a first
transier function, the ipsilateral and contralateral transier
functions of the second frequency band which i1s different
from the first frequency band may be generated based on a
second transier function, and the 1psilateral and contralateral
transier functions 1n a third frequency band between the first
frequency band and the second frequency band may be
generated based on a linear combination of the first transfer
function and the second transfer function.

Furthermore, an exemplary embodiment of the present
invention provides an audio signal processing method to
perform binaural filtering an input audio signal, including;:
receiving an imput audio signal; filtering the mput audio
signal by an 1psilateral transfer function to generate an
ipsilateral output signal; and filtering the input audio signal
by a contralateral transfer function to generate a contralat-
eral output signal, 1n which the 1psilateral and contralateral
transier functions are generated based on different transier
functions 1n a first frequency band and a second frequency
band.

Another exemplary embodiment of the present invention
provides an audio signal processing method to perform
binaural filtering an 1mnput audio signal, including: receiving
an mput audio signal; filtering the mput audio signal by a
first transier function to generate a first output signal; and
filtering the mmput audio signal by a second lateral transfer
function to generate a second output signal, 1n which the first
lateral transfer function and the second lateral transfer
function may be generated by modilying an interaural
transfer function (ITF) obtained by dividing a first lateral
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head related transter function (HRTF) by a second lateral
HRTF with respect to the mput audio signal.

Advantageous Eflects

According to an exemplary embodiment of the present
invention, a high quality binaural sound may be provided

with low computational complexity.

According to the exemplary embodiment, deterioration of
a sound 1mage localization and degradation of a sound
quality which may be caused by the binaural rendering may
be prevented.

According to the exemplary embodiment of the present
invention, binaural rendering process to which a motion of
a user or an object 1s reflected 1s allowed through an eflicient
calculation.

DESCRIPTION OF DRAWINGS

FIG. 1 1s a block diagram illustrating an audio signal
processing apparatus according to an exemplary embodi-
ment of the present mnvention.

FIG. 2 1s a block diagram illustrating a binaural renderer
according to an exemplary embodiment of the present
invention.

FIG. 3 1s a block diagram of a direction renderer accord-
ing to an exemplary embodiment of the present invention.

FIG. 4 1s a diagram 1illustrating a modified ITF (MITF)
generating method according to an exemplary embodiment
of the present invention.

FIG. 5 1s a diagram 1llustrating a MITF generating method
according to another exemplary embodiment of the present
invention.

FIG. 6 1s a diagram illustrating a binaural parameter
generating method according to another exemplary embodi-
ment of the present mnvention.

FIG. 7 1s a block diagram of a direction renderer accord-
ing to another exemplary embodiment of the present inven-
tion.

FIG. 8 1s a diagram 1llustrating a MITF generating method
according to another exemplary embodiment of the present
invention.

MODE FOR INVENTION

Terminologies used 1n the specification are selected from
general terminologies which are currently and widely used
as much as possible while considering a function in the
present invention, but the terminologies may vary 1n accor-
dance with the intention of those skilled in the art, custom,
or appearance of new technology. Further, in particular
cases, the terminologies are arbitrarily selected by an appli-
cant and 1n this case, the meaning thereof may be described
in a corresponding section of the description of the inven-
tion. Therefore, 1t 1s noted that the terminology used in the
specification 1s analyzed based on a substantial meaning of
the terminology and the whole specification rather than a
simple title of the terminology.

FIG. 1 1s a block diagram illustrating an audio signal
processing apparatus according to an exemplary embodi-
ment of the present invention. Referring to FIG. 1, an audio
signal processing apparatus 10 includes a binaural renderer
100, a binaural parameter controller 200, and a personalizer
300.

First, the binaural renderer 100 receives mput audio and
performs binaural rendering on the input audio to generate
two channel output audio signals L. and R. An imput audio
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signal of the binaural renderer 100 may i1nclude at least one
of an object signal and a channel signal. In this case, the
input audio signal may be one object signal or one mono
signal or may be multi object signals or multi channel
signals. According to an exemplary embodiment, when the
binaural renderer 100 1ncludes a separate decoder, the input
signal of the binaural renderer 100 may be a coded bitstream
of the audio signal.

An output audio signal of the binaural renderer 100 1s a
binaural signal, that 1s, two channel audio signals 1n which
cach input object/channel signal 1s represented by a virtual
sound source located 1n a 3D space. The binaural rendering
1s performed based on a binaural parameter provided from
the binaural parameter controller 200 and performed on a
time domain or a frequency domain. As described above, the
binaural renderer 100 performs binaural rendering on vari-
ous types of mput signals to generate a 3D audio headphone
signal (that 1s, 3D audio two channel signals).

According to an exemplary embodiment, post processing
may be further performed on the output audio signal of the
binaural renderer 100. The post processing includes cross-
talk cancellation, dynamic range control (DRC), volume
normalization, and peak limitation. The post processing may
turther include frequency/time domain converting on the
output audio signal of the binaural renderer 100. The audio
signal processing apparatus 10 may include a separate post
processor which performs the post processing and according,
to another exemplary embodiment, the post processor may
be included 1n the binaural renderer 100.

The binaural parameter controller 200 generates a binau-
ral parameter for the binaural rendering and transfers the
binaural parameter to the binaural renderer 100. In this case,
the transierred binaural parameter includes an 1psilateral
transfer function and a contralateral transter function, as
described in the following various exemplary embodiments.
In this case, the transfer function may include at least one of
a head related transter function (HRTF), an interaural trans-
ter function (ITF), a modified ITF (MITF), a binaural room
transier function (BRTF), a room impulse response (RIR), a
binaural room impulse response (BRIR), a head related
impulse response (HRIR), and modified/edited data thereot,
but the present invention 1s not limited thereto.

The transfer function may be measured in an anechoic
room and include imformation on HRTF estimated by a
simulation. A simulation technique which 1s used to estimate
the HRTF may be at least one of a spherical head model
(SHM), a snowman model, a finite-diflerence time-domain
method (FDTDM), and a boundary element method (BEM).
In this case, the spherical head model 1indicates a simulation
technique which performs simulation on the assumption that
a head of a human is a sphere. Further, the snowman model
indicates a simulation technique which performs simulation
on the assumption that a head and a body are spheres.

The binaural parameter controller 200 obtains the transier
function from a database (not illustrated) or receives a
personalized transfer function from the personarizer 300. In
the present invention, 1t 1s assumed that the transter function
1s obtained by performing fast Fourier transform on an
impulse response (IR), but a transforming method in the
present mnvention 1s not limited thereto. That 1s, according to
the exemplary embodiment of the present immvention, the
transforming method includes a quadratic mirror filterbank
(QMF), discrete cosine transform (DCT), discrete sine trans-
form (DST), and wavelet.

According to the exemplary embodiment of the present
invention, the binaural parameter controller 200 generates
the 1psilateral transter function and the contralateral transter
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function and transfers the generated transier functions to the
binaural renderer 100. According to the exemplary embodi-
ment, the ipsilateral transfer function and the contralateral
transier function may be generated by modifying an 1psilat-
eral prototype transfer function and a contralateral prototype
transier function, respectively. Further, the binaural param-
cter may further include an interaural level diflerence (I1LD),
interaural time difference (ITD), finite 1mpulse response
(FIR) filter coeflicients, and infinite 1impulse response filter
coellicients. In the present invention, the ILD and the ITD
may also be referred to as an interaural parameter.

Meanwhile, in the exemplary embodiment of the present
invention, the transfer function 1s used as a terminology
which may be replaced with the filter coeflicients. Further,
the prototype transfer function 1s used as a terminology
which 1s replaced with a prototype filter coeflicients. There-
fore, the 1psilateral transfer function and the contralateral
transier function may represent the ipsilateral filter coetli-
cients and the contralateral filter coeflicients, respectively,
and the 1psilateral prototype transier function and the con-
tralateral prototype transfer function may represent the 1psi-
lateral prototype filter coetlicients and the contralateral
prototype filter coeflicients, respectively.

According to an exemplary embodiment, the binaural
parameter controller 200 may generate the binaural param-
eter based on personalized information obtained from the
personalizer 300. The personalizer 300 obtains additional
information for applying different binaural parameters in
accordance with users and provides the binaural transfer
function determined based on the obtained additional infor-
mation. For example, the personalizer 300 may select a
binaural transier function (for example, a personalized
HRTF) for the user from the database, based on physical
attribute mformation of the user. In this case, the physical
attribute 1nformation may include information such as a
shape or size of a pinna, a shape of external auditory meatus,
a si1ze and a type of a skull, a body type, and a weight.

The personalizer 300 provides the determined binaural
transfer function to the binaural renderer 100 and/or the
binaural parameter controller 200. According to an exem-
plary embodiment, the binaural renderer 100 performs the
binaural rendering on the input audio signal using the
binaural transfer function provided from the personalizer
300. According to another exemplary embodiment, the bin-
aural parameter controller 200 generates a binaural param-
cter using the binaural transfer function provided from the
personalizer 300 and transfers the generated binaural param-
eter to the binaural renderer 100. The binaural renderer 100
performs binaural rendering on the mput audio signal based
on the binaural parameter obtained from the binaural param-
cter controller 200.

Meanwhile, FIG. 1 1s an exemplary embodiment 1llus-
trating elements of the audio signal processing apparatus 10
of the present invention, but the present invention 1s not
limited thereto. For example, the audio signal processing
apparatus 10 of the present invention may further include an
additional element other than the elements 1llustrated in FIG.
1. Further, some elements illustrated 1n FIG. 1, for example,
the personalizer 300 may be omitted from the audio signal
processing apparatus 10.

FIG. 2 1s a block diagram illustrating a binaural renderer
according to an exemplary embodiment of the present
invention. Referring to FIG. 2, the binaural renderer 100
includes a direction renderer 120 and a distance renderer
140. In the exemplary embodiment of the present invention,
the audio signal processing apparatus may represent the
binaural renderer 100 of FIG. 2 or may indicate the direction
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renderer 120 or the distance renderer 140 which 1s a com-
ponent thereof. However, in the exemplary embodiment of
the present 1nvention, an audio signal processing apparatus
in a broad meaning may indicate the audio signal processing
apparatus 10 of FIG. 1 which includes the binaural renderer
100.

First, the direction renderer 120 performs direction ren-
dering to localize a direction of the sound source of the input
audio signal. The sound source may represent an audio
object corresponding to the object signal or a loud speaker
corresponding to the channel signal. The direction renderer
120 applies a binaural cue which distinguishes a direction of
a sound source with respect to a listener, that 1s, a direction
cue to the input audio signal to perform the direction
rendering. In this case, the direction cue includes a level
difference of both ears, a phase diflerence of both ears, a
spectral envelope, a spectral notch, and a peak. The direction
renderer 120 performs the binaural rendering using the
binaural parameter such as the ipsilateral transfer function
and the contralateral transfer function.

Next, the distance renderer 140 performs distance render-
ing which reflects an eflect in accordance with a sound
source distance of the mput audio signal. The distance
renderer 140 applies a distance cue which distinguishes a
distance of the sound source with respect to a listener to the
input audio signal to perform the distance rendering.
According to the exemplary embodiment of the present
invention, the distance rendering may reflect a change of a
sound intensity and spectral shaping 1n accordance with the
distance change of the sound source to the mnput audio
signal. According to the exemplary embodiment of the
present invention, the distance renderer 140 performs dif-
ferent processings depending on whether the distance of the
sound source 1s within a predetermined threshold value.
When the distance of the sound source exceeds the prede-
termined threshold wvalue, a sound intensity which 1s
inversely proportional to the distance of the sound source
with respect to the head of the listener may be applied.
However, when the distance of the sound source 1s within
the predetermined threshold value, separate distance render-
ing may be performed based on the distances of the sound
source which are measured with respect to both ears of the
listener, respectively.

According to the exemplary embodiment of the present
invention, the binaural renderer 100 performs at least one of
the direction rendering and the distance rendering on the
input signal to generate a binaural output signal. The bin-
aural renderer 100 may sequentially perform the direction
rendering and the distance rendering on the input signal or
may perform a processing in which the direction rendering,
and the distance rendering are combined. Hereinafter, in the
exemplary embodiment of the present mvention, as a con-
cept including the direction rendering, the distance render-
ing, and a combination thereof, the term binaural rendering
or binaural filtering may be used.

According to an exemplary embodiment, the binaural
renderer 100 first performs the direction rendering on the
input audio signal to obtain two channel output signals, that
is, an ipsilateral output signal DT and a contralateral output
signal D"C. Next, the binaural renderer 100 performs the
distance rendering on two channel output signals D1 and
D"C to generate binaural output signals B'T and B C. In this
case, the mput signal of the direction renderer 120 1s an
object signal and/or a channel signal and the input signal of
the distance renderer 140 1s two channel signals D"'Tand D"C
on which the direction rendering 1s performed as a pre-
processing step.
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According to another exemplary embodiment, the binau-
ral renderer 100 first performs the distance rendering on the
input audio signal to obtain two channel output signals, that
is, an ipsilateral output signal d'T and a contralateral output
signal d"C. Next, the binaural renderer 100 performs the
direction rendering on two channel output signals d'I and
d"C to generate binaural output signals B'T and B"C. In this
case, the mput signal of the distance renderer 140 1s an
object signal and/or a channel signal and the input signal of
the direction renderer 120 is two channel signals d' T and d"C
on which the distance rendering i1s performed as a pre-
processing step.

FIG. 3 1s a block diagram of a direction renderer 120-1
according to an exemplary embodiment of the present
invention. Referring to FIG. 3, the direction renderer 120-1
includes an 1psilateral filtering unit 1224 and a contralateral
filtering unit 1225. The direction renderer 120-1 receives a
binaural parameter including an ipsilateral transfer function
and a contralateral transfer function and filters the nput
audio signal with the received binaural parameter to gener-
ate an 1psilateral output signal and a contralateral output
signal. That 1s, the ipsilateral filtering unit 122q filters the
input audio signal with the 1psilateral transfer function to
generate the ipsilateral output signal and the contralateral
filtering unit 1225 filters the mput audio signal with the
contralateral transfer function to generate the contralateral
output signal. According to an exemplary embodiment of the
present invention, the ipsilateral transfer function and the
contralateral transfer function may be an ipsilateral HRTF
and a contralateral HRTFE, respectively. That 1s, the direction
renderer 120-1 convolutes the mput audio signal with the
HRTFs for both ears to obtain the binaural signal of the
corresponding direction.

In an exemplary embodiment of the present invention, the
ipsilateral/contralateral filtering units 122q and 1226 may
indicate left/right channel filtering units respectively, or
right/left channel filtering units respectively. When the
sound source of the input audio signal 1s located at a leit side
of the listener, the ipsilateral filtering unit 122a generates a
left channel output signal and the contralateral filtering unit
1226 generates a right channel output signal. However,
when the sound source of the mput audio signal 1s located at
a right side of the listener, the 1psilateral filtering unit 1224
generates a right channel output signal and the contralateral
filtering unit 1225 generates a left channel output signal. As
described above, the direction renderer 120-1 performs the
ipsilateral/contralateral filtering to generate left/right output
signals of two channels.

According to the exemplary embodiment of the present
invention, the direction renderer 120-1 filters the mput audio
signal using an interaural transier function (ITF), a modified
ITF (MITF), or a combination thereof instead of the HRTF,
in order to prevent the characteristic of an anechoic room
from being retlected into the binaural signal. Hereinafter, a
binaural rendering method using transier functions accord-
ing to various exemplary embodiments of the present inven-
tion will be described.

<Binaural Rendering Using I'TF>

First, the direction renderer 120-1 filters the input audio
signal using the ITF. The ITF may be defined as a transfer
function which divides the contralateral HRTF by the 1psi-
lateral HRTF as represented 1n the following Equation 1.

1 It=1

I Clky=H_Clk)yH_I(k) [Equation 1]
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Herein, k 1s a frequency index, H_I(k) 1s an 1psilateral
HRTF of a frequency k, H_C(k) 1s a contralateral HRTF of
the frequency k, I_I(k) 1s an 1psilateral I'TF of the frequency
k, and I_C(k) 1s a contralateral I'TF of the frequency k.
That 1s, according to the exemplary embodiment of the

present mvention, at each frequency k, a value of 1_I(k) 1s
defined as 1 (that 1s, O dB) and I_C(k) 1s defined as a value

obtained by dividing H_C(k) by H_I(k) in the frequency k.
The 1psilateral filtering unit 122a of the direction renderer
120-1 filters the mput audio signal with the 1psilateral I'TF to
generate an 1psilateral output signal and the contralateral
filtering unit 1225 filters the input audio signal with the
contralateral ITF to generate a contralateral output signal. In
this case, as represented 1n Equation 1, when the 1psilateral
I'TF 1s 1, that 1s, the 1psilateral I'TF 1s a unit delta function 1n
the time domain or all gain values are 1 1n the frequency
domain, the 1psilateral filtering unit 1224 may bypass the
filtering of the input audio signal. As described above, the
ipsilateral filtering 1s bypassed and the contralateral filtering
1s performed on the mput audio signal with the contralateral
I'TE, thereby the binaural rendering using the ITF 1s per-
tormed. The direction renderer 120-1 omits an operation of
the 1psilateral filtering unit 122a to obtamn a gain of a
computational complexity.

ITF 1s a function indicating a difference between the
ipsilateral prototype transier function and the contralateral
prototype transfer function and the listener may recognize a
sense of locality using the difference of the transier functions
as a clue. During the processing step of the ITE, room
characteristics of the HRTF are cancelled and thus a phe-
nomenon 1n which an awkward sound (mainly a sound in
which a bass sound 1s missing) 1s generated 1n the rendering
using the HRTF may be compensated. Meanwhile, accord-

ing to another exemplary embodiment of the present inven-
tion, I_C(k) 1s defined as 1 and 1I_I(k) may be defined as a

value obtamned by dividing H_I(k) by H_C(k) in the fre-
quency k. In this case, the direction renderer 120-1 bypasses
the contralateral filtering and performs the 1psilateral filter-
ing the mmput audio signal with the 1psilateral ITF.

<Binaural Rendering Using MITEF>

When the binaural rendering 1s performed using ITE, the
rendering 1s performed only on one channel between L/R
pair, so that a gain in the computational complexity 1s large.
However, when the ITF 1s used, the sound image localiza-
tion may deteriorate due to loss of unique characteristics of
the HRTF such as a spectral peak, a notch, and the like.
Further, when there 1s a notch in the HRTF (an 1psilateral
HRTF 1in the above exemplary embodiment) which 1s a
denominator of the ITE, a spectral peak having a narrow
bandwidth 1s generated in the ITF, which causes a tone
noise. Therefore, according to another exemplary embodi-
ment of the present invention, the 1psilateral transfer func-
tion and the contralateral transfer function for the binaural
filtering may be generated by modifying the ITF for the
input audio signal. The direction renderer 120-1 filters the
input audio signal using the modified I'TF (that 1s, MITF).

FIG. 4 1s a diagram illustrating a modified ITF (MITF)
generating method according to an exemplary embodiment
of the present invention. An MITF generating unit 220 1s a
component of the binaural parameter controller 200 of FIG.
1 and receives the 1psilateral HRTF and the contralateral
HRTF to generate an 1psilateral MITF and a contralateral
MITEF. The 1ipsilateral MITF and the contralateral MITF
generated 1n the MITE generating unit 220 are transierred to
the 1psilateral filtering unit 122a and the contralateral filter-
ing unit 1225 of FIG. 3 to be used for ipsilateral filtering and
contralateral filtering.
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Hereinatter, an MITF generating method according to
various exemplary embodiments of the present invention
will be described with reference to Equations. In an exem-
plary embodiment of the present invention, a first lateral
refers to any one of 1psilateral and contralateral and a second
lateral refers to the other one. For the purpose of conve-
nience, even though the present invention 1s described on the
assumption that the first lateral refers to the ipsilateral and
the second lateral refers to the contralateral, the present
invention may be implemented in the same manner when the
first lateral refers to the contralateral and the second lateral
refers to the 1psilateral. That 1s, 1n Equations and exemplary
embodiments of the present invention, 1psilateral and con-
tralateral may be exchanged with each other to be used. For
example, an operation which divides the 1psilateral HRTF by
the contralateral HRTF to obtain the 1psilateral MITE may
be replaced with an operation which divides the contralateral
HRTF by the 1psilateral HRTF to obtain the contralateral
MITF

In the following exemplary embodiments, the MITF 1s
generated using a prototype transier function HRTF. How-
ever, according to an exemplary embodiment of the present
invention, a prototype transier function other than the HRTF,

that 1s, another binaural parameter may be used to generate
the MI'TF.

(First Method of MITE—Conditional Ipsilateral Filter-
Ing)

According to a first exemplary embodiment of the present
invention, when a value of the contralateral HRTF 1s larger
than the 1psilateral HRTF at a specific frequency index k, the
MITF may be generated based on a value obtained by
d1v1d111g the 1psilateral HRTF by the contralateral HRTF.
That 1s, when a magnitude of the 1psilateral HRTF and a
magnitude of the contralateral HRTF are reversed due to a
notch component of the ipsilateral HRTF, on the contrary to
the operation of the I'TF, the 1psilateral HRTF 1s divided by
the contralateral HRTF to prevent the spectral peak from
being generated. More specifically, when the 1psilateral
HRTF 1s H_I(k), the contralateral HRTF 1s H_C(k), the
ipsilateral MITF 1s M_I(k), and the contralateral MITF 1s
M_C(k) with respect to the frequency 1index k, the ipsilateral
MITF and the contralateral MITF may be generated as
represented 1n the following Equation 2.

if (H I(k)<H_C(k))
M I(k)=H_I(k)/H _C(k)
M _C(k)=1

else

M _I(k)=1

M Clky=H_CkyH_I(k) 'Equation 2]

That 1s, according to the first exemplary embodiment,
when the value of H_I(K) 1s smaller than the value ot H_C(k)
at a specific frequency index k (that 1s, in a notch region),
M_I(k) 1s determined to be a value obtained by dividing
H_I(k) by H_C(k) and the value of M_(C(k) 1s determined to
be 1. In contrast, when the value of H_I(k) 1s not smaller
than the value of H_C(k), the value of M_I(k) 1s determined
to be 1 and the value of M_C(k) 1s determined to a value
obtained by dividing H_C(k) by H_I(k).

(Second Method of MITF—Cutting)

According to a second exemplary embodiment of the
present invention, when the HRTF which 1s a denominator
of the ITF at a specific frequency index k, that 1s, the
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ipsilateral HRTF has a notch component, values of the
ipsilateral MITF and the contralateral MITF at the frequency
index k may be set to be 1 (that 1s, O dB). A second
exemplary embodiment of the MITF generating method 1s
mathematically expressed as represented in following Equa-

tion 3.

if (H I(k)<H_C(k))
M _I(k)=1
M_C(k)=1

else

M _I(k)=1

M _Cik)y=H_C(k)/H_I{(k) 'Equation 3]

That 1s, according to the second exemplary embodiment,
when the value of H_I(k) 1s smaller than the value of H_C(k)
at a specific frequency index k (that 1s, 1n a notch region),
values of M_I(k) and M_C(k) are determined to be 1. In
contrast, when the value of H_I(k) 1s not smaller than the
value of H_C(k), the 1psilateral MITF and the contralateral
MITF may be set to be same as the 1p81lateral I'TF and the
contralateral I'TF, respectively. That is, the value of MITF
M_I(k) 1s determined to be 1 and the value of M_C(k) 1s
determined to be a value obtained by dividing H_C(k) by
H_I(k).

(Third Method of MITF—Scaling)

According to a third exemplary embodiment of the pres-
ent invention, a weight 1s reflected to the HRTF having the
notch component to reduce the depth of the notch. In order
to reflect a weight which 1s larger than 1 to the notch
component of HRTF which 1s a denominator of ITF, that 1s,
the notch component of the ipsilateral HRTFE, a weight
tfunction w(k) may be applied as represented in Equation 4.

if (H I(k)<H_C(k))

M _I(k)=1
M_C(k)=H_C(k)/(w(k)*H_I(k))
else

M _I(k)=1

M Cky=H _Clk)/H _I(k) [Equation 4]

Herein, the symbol * refers to multiplication. That 1s,
according to the third exemplary embodiment, when the
value of H_I(k) 1s smaller than the value of H_C(k) at a
specific frequency index k (that 1s, in a notch region), M_I(k)
1s determined to be 1 and the value of M_(C(k) 1s determined
to be a value obtained by dividing H_C(k) by multiplication
of w(k) and H_I(k). In contrast, when the value of H_I(k) 1s
not smaller than the value of H_C(k), the value of M_I(k) 1s
determined to be 1 and the value of M_C(k) 1s determined
to a value obtained by dividing H_C(k) by H_I(k). That 1s,
the weight function w(k) 1s applied when the value of H_I(k)
1s smaller than the value of H_C(k). According to an
exemplary embodiment, the weight function w(k) 1s set to
have the larger value as the depth of the notch of the
ipsilateral HRTF becomes larger, that is, as the value of the
ipsilateral HRTF becomes smaller. According to another
exemplary embodiment, the weight function w(k) may be
set to have the large value as the difference between the
value of the 1psilateral HRTF and the value of the contral-
ateral HRTF becomes larger.
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Conditions of the first, the second and the third exemplary
embodiments may extend to a case 1n which the value of
H_I(k) 1s smaller than a predetermined ratio a of the value
of H_C(k) at a specific frequency index k. That 1s, when the
value of H_I(k) 1s smaller than a value of a*H_C(k), the
ipsilateral MITF and the contralateral MITF may be gener-
ated based on equations 1n a conditional statement 1n each
exemplary embodiment. In contrast, when the value of
H_I(k) 1s not smaller than the value of a*H_C(k), the
ipsilateral MITF and the contralateral MITF may be set to be
same as the ipsilateral ITF and the contralateral I'TF. Further,
the condition parts of the first, the second and the third
exemplary embodiments may be used to be limited to the
specific frequency band and different values may be applied

to the predetermined ratio a depending on the frequency

band.

(Fourth-One Method of MITF—Notch Separating)

According to a fourth exemplary embodiment of the
present invention, the notch component of HRTF 15 sepa-
rated and the MITF may be generated based on the separated
notch component. FIG. 5 1s a diagram 1illustrating a MITF
generating method according to the fourth exemplary
embodiment of the present invention. The MITF generating
unit 220-1 may further include an HRTF separating unit 222
and a normalization unit 224. The HRTF separating unit 222
separates the prototype transier function, that 1s, HRTF 1nto
an HRTF envelope component and an HRTF notch compo-
nent.

According to the exemplary embodiment of the present
invention, the HRTF separating unit 222 separates HRTF
which 1s a denominator of ITF, that 1s, the 1psilateral HRTF
into an HRTF envelope component and an HRTF notch
component and the MITF may be generated based on the
separated 1psilateral HRTF envelope component and 1psilat-
eral HRTF notch component. The fourth exemplary embodi-
ment of the MITF generating method 1s mathematically

expressed as represented 1n the following Equation 3.

M _I(k)=H I notch(k)

M _Clk)=H_C notch(k)*H_C _env(k)/H I env(k) [Equation 3]

Herein, k indicates a frequency index, H_I_notch(k) indi-
cates an 1psilateral HRTF notch component, H_I_env(k)
indicates an 1psilateral HRITF envelope component,
H_C_notch(k) indicates a contralateral HRTF notch com-
ponent, and H_C_env(k) indicates a contralateral HRTF
envelope component. The symbol * refers to multiplication
and H_C_notch(k)*H_C_env(k) may be replaced by non-
separated contralateral HRTF H_C(k).

That 1s, according to the fourth exemplary embodiment,
M_I(k) 1s determined to be a value of a notch component
H_I_notch(k) which 1s extracted from the 1psilateral HRTF
and M_C(k) 1s determined to be a value obtained by dividing
the contralateral HRTF H_C(k) by an envelope component
H_1I env(k) extracted from the 1psilateral HRTF. Referring
to FIG. 5, the HRTF separating unit 222 extracts the 1psi-
lateral HRTF envelope component from the ipsilateral
HRTF and a remaining component of the ipsilateral HRTFE,
that 1s, the notch component i1s output as the 1ipsilateral
MITEF. Further, the normalization unit 224 receives the
ipsilateral HRTF envelope component and the contralateral
HRTF and generates and outputs the contralateral MITF 1n
accordance with the exemplary embodiment of Equation 5.

Spectral notch 1s generally generated when a reflection 1s
generated 1n a specific position of an external ear so that the
spectral notch of HRTF may significantly contribute to

recognizing an elevation perception. Generally, the notch 1s
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characterized by rapid change in a spectral domain. In
contrast, the binaural cue represented by the ITF 1s charac-
terized by slow change in the spectrum domain. Therefore,
according to an exemplary embodiment, the HRTF separat-
ing unit 222 separates the notch component of the HRTF
using homomorphic signal processing using cepstrum or
wave 1nterpolation.

For example, the HRTF separating unit 222 performs
windowing the cepstrum of the 1psilateral HRTF to obtain an
ipsilateral HRTF envelope component. The MITF generat-
ing unit 200 divides each of the 1psilateral HRTF and the
contralateral HRTF by the 1psilateral HRTF envelope com-
ponent, thereby generating an 1psilateral MITF from which
a spectral coloration 1s removed. Meanwhile, according to
an additional exemplary embodiment of the present inven-
tion, the HRTF separating unit 222 may separate the notch
component of the HRTF using all-pole modeling, pole-zero
modeling, or a group delay function.

Meanwhile, according to an additional exemplary
embodiment of the present mnvention, H_I_notch(k) 1is
approximated to FIR filter coeflicients or IIR filter coetl-
cients and the approximated filter coetlicients may be used
as an 1psilateral transfer function of the binaural rendering.
That 1s, the 1psilateral filtering unit of the direction renderer
filters the input audio signal with the approximated filter
coellicients to generate the 1psilateral output signal.

(Fourth-Two Method of MITF—Notch Separating/Using
HRTF Having Diflerent Altitude)

According to an additional exemplary embodiment of the
present mvention, i order to generate MITF for a specific
angle, an HRTF envelope component having a direction
which 1s different from that of the mnput audio signal may be
used. For example, the MITF generating unit 200 normalizes
another HRTF pair (an 1psilateral HRTF and a contralateral
HRTF) with the HRTF envelope component on a horizontal
plane (that 1s, an altitude 1s zero) to implement the transier
functions located on the horizontal plane to be an MITF
having a flat spectrum. According to an exemplary embodi-
ment of the present invention, the MITF may be generated
by a method of the following Equation 6.

M _I(k,0.9)=H_I notch(k,0,¢)

M Ck0.9)=H Ck09)H I env(k,0,¢) [Equation 6]

Herein, k 1s a frequency index, 0 1s an altitude, ¢ 1s an
azimuth.

That 1s, the 1psilateral MITF M_I(k, 0, ¢) of the altitude
0 and the azimuth ¢ 1s determined by a notch component
H_I_notch(k, 0, ¢) extracted from the 1psilateral HRTF of
the altitude 0 and the azimuth ¢, and the contralateral MITF
M_C(k, 0, ¢) 1s determined by a value obtained by dividing
the contralateral HRTF H_C(k, 0, ¢) of the altitude 0 and the
azimuth ¢ by the envelope component H_I_env(k, 0, ¢)
extracted from the 1psilateral HRTF of the altitude O and the
azimuth ¢. According to another exemplary embodiment of
the present invention, the MITF may be generated by a

method of the following Equation 7.

M I(k0.0)=H I (k0,0VH I env(k,0,p)

M Ck0.0)=H Ck09VH I env(k,0,0)

That 1s, the 1psilateral MITF M_I(k, 0, ¢) of the altitude
0 and the azimuth ¢ i1s determined by a value obtained by
dividing the 1psilateral HRTF H_I(k, 0, ¢) of the altitude ©
and the azimuth ¢ by the H_I_env(k, 0, ¢) and the contral-
ateral MITF M_C(k, 0, ¢) 1s determined by a value obtained
by dividing the contralateral HRTF H_C(k, 0, ¢) of the

[Equation 7]
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altitude 0 and the azimuth ¢ by the H_I env(k, 0, ¢). In
Equations 6 and 7, 1t 1s exemplified that an HRTF envelepe
component having the same azimuth and different altitude
(that 1s, the altitude 0) 1s used to generate the MITE.
However, the present invention 1s not limited thereto and the
MITF may be generated using an HRTF envelope compo-
nent having a diflerent azimuth and/or a different altitude.

(Fifth Method of MITF—Notch Separating 2)

According to a fifth exemplary embodiment of the present
invention, the MITF may be generated using wave interpo-
lation which 1s expressed by spatial/frequency axes. For
example, the HRTF 1s separated into a slowly evolving
wavelorm (SEW) and a rapidly evolving waveform (REW)
which are three-dimensionally expressed by an altitude/
frequency axis or an azimuth/frequency axis. In this case,
the binaural cue (for example, I'TFE, interaural parameter) for
binaural rendering 1s extracted from the SEW and the notch
component 1s extracted from the REW.

According to an exemplary embodiment of the present
invention, the direction renderer performs the binaural ren-
dering using a binaural cue extracted from the SEW and
directly applies the notch component extracted from the
REW to each channel (an ipsilateral channel/a contralateral
channel) to suppress a tone noise. In order to separate the
SEW and the REW 1n the wave interpolation of the spatial/
frequency domain, methods of a homomorphic signal pro-
cessing, a low/high pass filtering, and the like may be used.

(Sixth Method of MITF—Notch Separating 3)

According to a sixth exemplary embodiment of the pres-
ent mvention, 1 a notch region of the prototype transier
function, the prototype transier function 1s used for the
binaural filtering and 1n a region other than the notch region,
the MITF according to the above-described exemplary
embodiments may be used for the binaural filtering. This
will be mathematically expressed by the following Equation

8.

If & lies notch region
M’ I(ky=H I(k)

M _Ck)=H_C(k)

else

M’ (k=M (k)

M’ Clo=M_Clk

Herein, M'_I(k) and M'_C(k) are the ipsilateral MITF and
the contralateral MITF according to the sixth exemplary
embodiment and M_I(k) and M_C(k) are the 1psilateral
MITF and the contralateral MITE according to any one of
the above-described exemplary embodiments. H_I(k) and
H_C(k) indicate the ipsilateral HRTF and the contralateral
HRTF which are prototype transfer functions. That 1s, in the
case of the frequency band 1n which the notch component of
the 1psilateral HRTF 1s included, the 1psilateral HRTF and
the contralateral HRTF are used as the 1psilateral transier
function and the contralateral transfer function of the bin-
aural rendering, respectively. Further, in the case of the
frequency band 1n which the notch component of the 1psi-
lateral HRTF 1s not included, the ipsilateral MITF and the
contralateral MITF are used as the 1psilateral transfer func-
tion and the contralateral transfer function of the binaural
rendering, respectively. In order to separate the notch region,
as described above, the all-pole modeling, the pole-zero
modeling, the group delay function, and the like may be

used. According to an additional exemplary embodiment of

[Equation 8]
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the present invention, smoothing techniques such as low
pass filtering may be used 1n order to prevent degradation of
a sound quality due to sudden spectrum change at a bound-
ary of the notch region and the non-notch region.

(Seventh Method of MITF—Notch Separating with Low
Complexity)

According to a seventh exemplary embodiment of the
present 1nvention, a remaining component of the HRTF
separation, that 1s, the notch component may be processed
by a simpler operation. According to an exemplary embodi-
ment, the HRTF remaining component i1s approximated to
FIR filter coethicients or IIR filter coeflicients, and the
approximated filter coeflicients may be used as the 1psilat-
cral and/or contralateral transfer function of the binaural
rendering. FIG. 6 1s a diagram 1llustrating a binaural param-
eter generating method according to the seventh exemplary
embodiment of the present invention and FIG. 7 1s a block
diagram of a direction renderer according to the seventh
exemplary embodiment of the present invention.

First, FIG. 6 illustrates a binaural parameter generating
unit 220-2 according to an exemplary embodiment of the
present mvention. Referring to FIG. 6, the binaural param-
cter generating umt 220-2 includes HRTF separating units
222a and 2225b, an mteraural parameter calculating unmit 225,
and notch parameterizing units 226a and 2265. According to
an exemplary embodiment, the binaural parameter generat-
ing unit 220-2 may be used as a configuration replacing the
MITF generating unit of FIGS. 4 and 5.

First, the HRTF separating units 222a and 2225 separate
the input HRTF into an HRTF envelope component and an
HRTF remaining component. A first HRTF separating unit
222a recerves the ipsilateral HRTF and separates the 1psi-
lateral HRTF 1nto an ipsilateral HRTF envelope component
and an 1psilateral HRTF remaining component. A second
HRTF separating unit 2225 receives the contralateral HRTF
and separates the contralateral HRTF 1nto a contralateral
HRTF envelope component and a contralateral HRTF
remaining component. The interaural parameter calculating,
unit 225 recerves the 1psilateral HRTF envelope component
and the contralateral HRTF envelope component and gen-
crates an interaural parameter using the components. The
interaural parameter includes an interaural level difference
(ILD) and an interaural time difference (ITD). In this case,
the ILD corresponds to a size of an interaural transier
function and the ITD corresponds to a phase (or a time
difference in the time domain) of the interaural transfer
function.

Meanwhile, the notch parameterizing units 226a and 2265
receive the HRTF remaining component and approximate
the HRTF remaining component to impulse response (IR)
filter coethicients. The HRTF remaining component includes
the HRTF notch component and the IR filter includes an FIR
filter and an IIR filter. The first notch parameterizing unit
226a receives the 1psilateral HRTF remaining component
and generates 1psilateral IR filter coellicients using the same.
The second notch parameterizing unit 2265 receives the
contralateral HRTF remaining component and generates
contralateral IR filter coetlicients using the same.

As described above, the binaural parameter generated by
the binaural parameter generating unit 220-2 1s transierred to
the direction renderer. The binaural parameter includes an
interaural parameter and the 1psilateral/contralateral IR filter
coellicients. In this case, the interaural parameter includes at
least ILD and I'TD.

FIG. 7 1s a block diagram of a direction renderer 120-2
according to an exemplary embodiment of the present
invention. Referring to FI1G. 7, the direction renderer 120-2
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includes an envelope filtering umit 125 and 1psilateral/con-
tralateral notch filtering units 1264 and 1265. According to
an exemplary embodiment, the 1psilateral notch filtering unit
126a may be used as a component replacing the 1psilateral
filtering unit 122a of FIG. 2, and the envelope filtering unit
125 and the contralateral notch filtering unit 1265 may be
used as components replacing the contralateral filtering unit
12256 of FIG. 2.

First, the envelope filtering unit 123 receives the interau-
ral parameter and filters the input audio signal based on the
received interaural parameter to reflect a difference between
ipsilateral/contralateral envelopes. According to the exem-
plary embodiment of FIG. 7, the envelope filtering unit 125
may perform filtering for the contralateral signal, but the
present invention 1s not limited thereto. That 1s, according to
another exemplary embodiment, the envelope filtering unit
125 may perform filtering for the 1psilateral signal. When the
envelope filtering umt 125 performs the filtering for the
contralateral signal, the interaural parameter may indicate
relative information of the contralateral envelope with
respect to the 1psilateral envelope and when the envelope
filtering unit 125 performs the filtering for the ipsilateral
signal, the interaural parameter may indicate relative infor-
mation of the ipsilateral envelope with respect to the con-
tralateral envelope.

Next, the notch filtering units 126a and 1265 perform
filtering for the 1psilateral/contralateral signals to reflect the
notches of the ipsilateral/contralateral transfer functions,
respectively. The first notch filtering unit 126a filters the
iput audio signal with the 1psilateral IR filter coeflicients to
generate an 1psilateral output signal. The second notch
filtering unit 1265 filters the mnput audio signal on which the
envelope filtering 1s performed with the contralateral IR
filter coellicients to generate a contralateral output signal.
Even though the envelope filtering 1s performed prior to the
notch filtering in the exemplary embodiment of FIG. 7, the
present 1nvention 1s not limited thereto. According to
another exemplary embodiment of the present invention, the
envelope filtering may be performed on the 1psilateral or
contralateral signal after performing the 1psilateral/contral-
ateral notch filtering the input audio signal.

As described above, according to the exemplary embodi-
ment of FIG. 7, the direction renderer 120-2 performs the
ipsilateral filtering using the 1psilateral notch filtering unit
126a. Further, the direction renderer 120-2 performs the
contralateral filtering using the envelope filtering unit 125
and the contralateral notch filtering unit 1265. In this case,
the 1psilateral transfer function which 1s used for the 1psi-
lateral filtering includes IR filter coeflicients which are
generated based on the notch component of the 1psilateral
HRTF. Further, the contralateral transfer function used for
the contralateral filtering includes IR filter coetlicients which
are generated based on the notch component of the contral-
ateral HRTF, and the interaural parameter. Herein, the inter-
aural parameter 1s generated based on the envelope compo-
nent of the ipsilateral HRTF and the envelope component of
the contralateral HRTF.

(Eighth Method of MITF—Hybnd ITF)

According to an eighth exemplary embodiment of the
present invention, a hybrid ITF (HITF) 1n which two or more
of the above mentioned I'TF and MITF are combined may be
used. In an exemplary embodiment of the present invention,
the HITF indicates an interaural transier function 1n which
a transier function used 1n at least one frequency band 1is
different from a transfer function used 1n the other frequency
band. That 1s, the 1psilateral and contralateral transier func-

il

tions which are generated based on different transfer func-
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tions 1n a first frequency band and a second frequency band
may be used. According to an exemplary embodiment of the
present invention, the I'TF 1s used for the binaural rendering
of the first frequency band and the MITF 1s used for the
binaural rendering of the second frequency band.

More specifically, in the low frequency band, a level
difference of both ears, a phase difference of both ears, and
the like are important factors of the sound 1image localization
and 1n the high frequency band, a spectral envelope, a
specific notch, a peak, and the like are important clues of the
sound 1mage localization. Accordingly, 1n order to efliciently
retlect thus, the 1psilateral and contralateral transier functions
of the low frequency band are generated based on the ITF
and the 1psilateral and contralateral transier functions of the
high frequency band are generated based on the MITFE. This

will be mathematically expressed by the following Equation
9.

if (k<CO0)
h_I(k)=I_I(k)
h_C(k)y=I_C(k)
else
h_I(k)=M_I(k)

h_Clk)y=M _C(k) [Equation 9]

Herein, k 1s a frequency index, CO 1s a critical frequency
index, h_I(k) and h_C(k) are ipsilateral and contralateral
HI'TFs according to an exemplary embodiment of the pres-
ent inventions, respectively. Further, I_I(k) and I_C(k) indi-
cate the 1psilateral and contralateral ITFs and M_I(k) and
M_C(k) indicate 1psilateral and contralateral MITFs accord-
ing to any one of the above-described exemplary embodi-
ments.

That 1s, according to an exemplary embodiment of the
present invention, the ipsilateral and contralateral transier
functions 1n a first frequency band whose frequency index 1s
lower than the critical frequency index are generated based
on the ITF and the ipsilateral and contralateral transfer
functions 1 a second frequency band whose Irequency
index 1s equal to or higher than the critical frequency 1index
are generated based on the MITE. According to an exem-
plary embodiment, the critical frequency index CO indicates
a specific frequency between 500 Hz and 2 kHz.

Meanwhile, according to another exemplary embodiment
of the present invention, the 1ipsilateral and contralateral
transier functions of the low frequency band are generated
based on the ITF, the ipsilateral and contralateral transier
functions of the high frequency band are generated based on
the MITF, and 1psilateral and contralateral transier functions
in an intermediate frequency band between the low fre-
quency band and the high frequency band are generated
based on a linear combination of the ITF and the MITF. This
will be mathematically expressed by the following Equation

10.

if (k<C1)

b (=T I(k)

b Clo=I_C(k)

else if (Cl=k=2)

b (=gl (kI _I()+g2(k)*M_I(k)
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h_Clhk)=gl(k)*I_Clhk)+g2(k)*M_C(k)
else
h_ (k=M k)

h_Clk)y=M_C(k) [Equation 10]

Herein, C1 indicates a first critical frequency index and
C2 indicates a second critical frequency index. Further,
gl(k) and g2(k) indicate gains for the I'TF and the MITF at
the frequency 1ndex k, respectively.

That 1s, according to another exemplary embodiment of
the present invention, the ipsilateral and contralateral trans-
fer functions 1 a first frequency band whose frequency
index 1s lower than the first critical frequency index are
generated based on the I'TF, and the 1psilateral and contral-
ateral transfer functions 1n a second frequency band whose
frequency index 1s higher than the second critical frequency
index are generated based on the MITFE. Further, the 1psi-
lateral and contralateral transfer functions of a third fre-
quency band whose frequency index i1s between the first
critical frequency index and the second frequency index are
generated based on a linear combination of the I'TF and the
MITF. However, the present invention 1s not limited thereto
and the 1psilateral and contralateral transfer functions of the
third frequency band may be generated based on at least one
of a log combination, a spline combination, and a Lagrange
combination of the ITF and the MITF.

According to an exemplary embodiment, the first critical
frequency 1mdex C1 indicates a specific frequency between
500 Hz and 1 kHz, and the second critical frequency imndex
C2 indicates a specific frequency between 1 kHz and 2 kHz.
Further, for the sake of energy conservation, a value of sum
of squares of gains gl(k) and g2(k) may satisfy gl(k) 2+g2
(k) 2=1. However, the present invention is not limited
thereto.

Meanwhile, the transier function generated based on the
ITF and the transfer function generated based on the MITF
may have different delays. According to an exemplary
embodiment of the present invention, when a delay of the
ipsilateral/contralateral transier functions of a specific ire-
quency band 1s different from a delay of the ipsilateral/
contralateral transfer functions of a different frequency
band, delay compensation may be further performed on
ipsilateral/contralateral transfer functions having a short
delay with respect to the ipsilateral/contralateral transfer
function having a long delay.

According to another exemplary embodiment of the pres-
ent invention, the ipsilateral and contralateral HRTFs are
used for the 1psilateral and contralateral transfer functions of
the first frequency band and the 1psilateral and contralateral
transfer functions of the second frequency band may be
generated based on the MITE. Alternatively, the 1psilateral
and contralateral transfer functions of the first frequency
band may be generated based on information extracted from
at least one of ILD, ITD, interaural phase difference (IPD),
and 1interaural coherence (IC) of the 1ipsilateral and the
contralateral HRTFs for each frequency band and the 1psi-
lateral and contralateral transfer functions of the second
frequency band may be generated based on the MITE.

According to another exemplary embodiment of the pres-
ent 1nvention, the ipsilateral and contralateral transier func-
tions of the first frequency band are generated based on the
ipsilateral and contralateral HRTFs of a spherical head
model and the 1psilateral and contralateral transfer functions
of the second frequency band are generated based on the
measured 1psilateral and contralateral HRTFs. According to
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an exemplary embodiment, the 1psilateral and contralateral
transier functions of a third frequency band between the first
frequency band and the second frequency band may be

generated based on the linear combination, overlapping,
windowing, and the like of the HRTF of the spherical head

model and the measured HRTF.

(Ninth Method of MITF—Hybnid ITF 2)

According to a ninth exemplary embodiment of the pres-
ent invention, a hybrid ITF (HITF) in which two or more of
HRTEF, ITF and MITF are combined may be used. According
to the exemplary embodiment of the present invention, in
order to increase a sound phase localization performance, a
spectral characteristic of a specific frequency band may be
emphasized. When the above-described ITF or MITF 1s
used, coloration of the sound source 1s reduced, but a
trade-oil phenomenon that the performance of sound image
localization 1s also lowered 1s caused. Therefore, 1n order to
improve the performance of the sound image localization,
additional refinement for the 1psilateral/contralateral transfer
functions 1s required.

According to an exemplary embodiment of the present
invention, the ipsilateral and contralateral transier functions
of a low frequency band which dominantly aflect the col-
oration of the sound source are generated based on the MITF
(or I'TF), and the 1psilateral and contralateral transier func-
tions of a high frequency band which dominantly affect the
sound 1mage localization are generated based on the HRTF.
This will be mathematically expressed by the following
Equation 11.

if (k<CO0)
h_I(k)=M_I(k)
h_C(k)=M_C(k)
else
h_I(k)=H_I(k)

h_Clky=H _Ck) [Equation 11]

Herein, k 1s a frequency index, CO 1s a critical frequency
index, h_I(k) and h_C(k) are 1ipsilateral and contralateral
HITFs according to an exemplary embodiment of the pres-
ent inventions, respectively. Further, HI_I(k) and H_C(k)
indicate the 1psilateral and contralateral HRTFs and M_I(k)
and M_C(k) indicate 1psilateral and contralateral MITFs
according to any one of the above-described exemplary
embodiments.

That 1s, according to an exemplary embodiment of the
present invention, the ipsilateral and contralateral transier
functions 1n a first frequency band whose frequency index 1s
lower than the critical frequency index are generated based
on the MITF, and the 1psilateral and contralateral transfer
functions 1 a second frequency band whose Irequency
index 1s equal to or higher than the critical frequency 1index
are generated based on the HRTE. According to an exem-
plary embodiment, the critical frequency index CO indicates
a specific frequency between 2 kHz and 4 kHz, but the
present mvention 1s not limited thereto.

According to another exemplary embodiment of the pres-
ent 1nvention, the 1psilateral and contralateral transier func-
tions are generated based on the ITF and a separate gain may
be applied to the ipsilateral and contralateral transfer func-
tions of the high frequency band. This will be mathemati-
cally expressed by the following Equation 12.

if (k<CO)
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h_I(k)=1
h_C(ky=H_C(k)/H_I(k)
else

h I(k)=G

h CU=G*H_C(kyH Ik) [Equation 12]

Herein, G indicates a gain. That 1s, according to another
exemplary embodiment of the present invention, the 1psi-
lateral and contralateral transfer functions 1 a first fre-
quency band whose frequency index i1s lower than the
critical frequency index are generated based on the I'TF, and
the 1psilateral and contralateral transfer functions 1n a second
frequency band whose frequency index 1s equal to or higher
than the critical frequency index are generated based on a
value obtained by multiplying the ITF and a predetermined
gain Q.

According to another exemplary embodiment of the pres-
ent 1nvention, the ipsilateral and contralateral transier func-
tions are generated based on the MITF according to any one
of the above-described exemplary embodiments and a sepa-
rate gain may be applied to the 1psilateral and contralateral
transier functions of the high frequency band. This will be
mathematically expressed by the following Equation 13.

if (k<C0)
b I(k)=M_I(k)
h_Clky=M_C(k)
else
h_I(k)=G*M_I(k)

h_Clky=G*M_C(k) [Equation 13]

That 1s, according to another exemplary embodiment of
the present invention, the 1psilateral and contralateral trans-
fer functions 1 a first frequency band whose frequency
index 1s lower than the critical frequency index are gener-
ated based on the MITF and the 1psilateral and contralateral
transfer functions 1 a second frequency band whose 1ire-
quency index 1s equal to or higher than the critical frequency
index are generated based on a value obtained by multiply-
ing the MITF and the predetermined gain G.

The gain G which 1s applied to the HITF may be gener-
ated according to various exemplary embodiments. Accord-
ing to an exemplary embodiment, in the second frequency
band, an average value of HRTF magnitudes having the
maximum altitude and an average value of HRTF magni-
tudes having the mmmimum altitude are calculated, respec-
tively, and the gain G may be obtained based on interpola-
tion using a difference between two average values. In this
case, ditferent gains are applied for each frequency bin of the
second frequency band so that resolution of the gain may be
improved.

Meanwhile, in order to prevent distortion caused by
discontinuity between the first frequency band and the
second frequency band, a gain which 1s smoothened at a
frequency axis may be additionally used. According to an
exemplary embodiment, a third frequency band may be set
between the first frequency band 1n which the gain 1s not
applied and the second frequency band in which the gain 1s
applied. A smoothened gain 1s applied to ipsilateral and
contralateral transfer functions of the third frequency band.
The smoothened gain may be generated based on at least one
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of linear interpolation, log interpolation, spline interpola-
tion, and Lagrange interpolation. Since the smoothened gain
has different values for each bin, the smoothened gain may
be expressed as G(k).

According to another exemplary embodiment of the pres-
ent vention, the gain G may be obtained based on an
envelope component extracted from HRTF having different
altitude. FIG. 8 1s a diagram 1illustrating an MITF generating
method to which a gain according to another exemplary
embodiment of the present invention 1s applied. Referring to
FIG. 8, an MITF generating umit 220-3 includes HRTF
separating units 222a and 222c¢, an elevation level difference
(ELD) calculating unit 223, and a normalization unit 224.

FIG. 8 illustrates an exemplary embodiment in which the
MITF generating umt 223-3 generates 1psilateral and con-
tralateral MITFs having a frequency k, an altitude 01, and an
azimuth ¢. First, the first HRTF separating unit 222a sepa-
rates the ipsilateral HRTF having an altitude 01 and an
azimuth ¢ 1nto an 1psilateral HRTF envelope component and
an 1psilateral HRTF notch component. Meanwhile, the sec-
ond HRTF separating unit 222¢ separates an 1psilateral
HRTF having a different altitude 02 into an ipsilateral HRTF
envelope component and an 1psilateral HRTF notch compo-
nent. 02 1s an altitude which 1s different from 01 and
according to an exemplary embodiment, 02 may be set to be
0 degree (that 1s, an angle on the horizontal plane).

The ELD calculating unit 223 receives an 1psilateral
HRTF envelope component of the altitude 01 and an 1psi-
lateral HRTF envelope component of the altitude 02 and
generates the gain G based thereon. According to an exem-
plary embodiment, the ELD calculating unit 223 sets the
gain value to be close to 1 as a frequency response 1s not
significantly changed in accordance with the change of the
altitude and sets the gain value to be amplified or attenuated
as the frequency response 1s significantly changed.

The MITF generating unit 222-3 generates the MITF
using a gain generated i the ELD calculating unit 223.
Equation 14 represents an exemplary embodiment 1n which
the MITF 1s generated using the generated gain.

if (k<C0)

M _I(k,01,9)=H_I notch(k,01.¢)

M _Ck01,9)=H _Ck,01,¢)/H I env(k,01.¢9)
clse

M _I(k,01,9)=G*H_I notch(x,01.,9)

M Ck01.9)=G*H C(k01 9)/H I env(k,01.0) [Equation 14]

Ipsilateral and contralateral transfer functions 1n a first
frequency band whose frequency index 1s lower than a
critical frequency index are generated based on the MITF
according to an exemplary embodiment of Equation 5. That
1s, an 1psilateral MITF M_I(k, 01, ¢) of the altitude 01 and
the azimuth ¢ 1s determined by a notch component
H_I_notch(k, 01, ¢) extracted from the 1psilateral HRTF and
a contralateral MITF M_C(k, 01, ¢) 1s determined by a value
obtained by dividing the contralateral HRTF H_C(k, 01, ¢)
by an envelope component H_I_env(k, 01, ¢) extracted from
the 1psilateral HRTF.

However, ipsilateral and contralateral transfer functions
in a second frequency band whose frequency index 1s equal
to or larger than the critical frequency index are generated
based on a value obtained by multiplying the MITF accord-
ing to the exemplary embodiment of Equation 5 and the gain
G. That 1s, M_I(k, 01, ¢) 1s determined by a value obtained
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by multiplying a notch component H_I notch(k, 01, ¢)
extracted from the 1psilateral HRTF and the gain G and
M_C(k, 01, ¢) 1s determined by a value obtained by dividing
a value obtained by mortifying the contralateral HRTF
H_C(k, 01, ¢) and the gain G by an envelope component

H_I_env(k, 01, ¢) extracted from the 1psilateral HRTF.

Therefore, referring to FIG. 8, the 1psilateral HRTF notch
component separated by the first HRTF separating unit 222qa
and the gain G are multiplied to be output as an 1psilateral
MITE. Further, the normalization unit 224 calculates the
contralateral HRTF value compared to the 1psilateral HRTF
envelope component as represented 1n Equation 14 and the
calculated value and the gain G are multiplied to be output
as a contralateral MITE In this case, the gain G 1s a value
generated based on the 1psilateral HRTF envelope compo-
nent having the altitude 81 and an 1psilateral HRTF envelope
component having a different altitude 02. Equation 15
represents an exemplary embodiment in which the gain G 1s
generated.

G=H_I env(k,02,¢) I env(k,01.¢) [Equation 15]

That 1s, the gain G may be determined by a value obtained
by dividing the envelope component H_I env(k, 01, ¢)
extracted from the 1psilateral HRTF of the altitude 01 and the
azimuth ¢ by an envelope component H_I_env(k, 02, ¢)
extracted from the 1psilateral HRTF of the altitude 02 and the
azimuth ¢.

Meanwhile, 1n the above exemplary embodiment, the gain
G 1s generated using envelope components of the ipsilateral
HRTFs having different altitudes, but the present invention
1s not limited thereto. That 1s, the gain G may be generated
based on envelope components of 1psilateral HRTFs having
different azimuths, or envelope components of 1psilateral
HRTFs having different altitudes and different azimuths.
Further, the gain G may be applied not only to the HITF, but
also to at least one of the I'TF, MITF, and HRTF. Further, the
gain G may be applied not only to a specific frequency band
such as a high frequency band, but also to all frequency
bands.

The 1psilateral MITF (or 1psilateral HITF) according to
the various exemplary embodiments 1s transierred to the
direction renderer as the 1psilateral transfer function and the
contralateral MITF (or the contralateral HITF) 1s transferred
to the direction renderer as the contralateral transfer func-
tion. The 1psilateral filtering unit of the direction renderer
filters the mput audio signal with the 1psilateral MITF (or the
ipsilateral HITF) according to the above-described exem-
plary embodiment to generate an ipsilateral output signal
and the contralateral filtering umit filters the input audio
signal with the contralateral MITF (or the contralateral
HITF) according to the above-described exemplary embodi-
ment to generate a contralateral output signal.

In the above exemplary embodiment, when the value of
the 1psilateral MITF or the contralateral MITF 1s 1, the
ipsilateral filtering unit or the contralateral filtering unit may
bypass the filtering operation. In this case, whether to bypass
the filtering may be determined at a rendering time. How-
ever, according to another exemplary embodiment, when the
prototype transier function HRTF i1s determined 1n advance,
the 1psilateral/contralateral filtering unit obtains additional
information on a bypass point (for example, a frequency
index) 1n advance and determines whether to bypass the
filtering at each point based on the additional information.

Meanwhile, 1n the above-described exemplary embodi-
ment and drawings, 1t 1s described that the 1psilateral filter-
ing unit and the contralateral filtering unit receive the same
input audio signal to receive the filtering, but the present
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invention 1s not limited thereto. According to another exem-
plary embodiment of the present invention, two channel
signals on which the preprocessing i1s performed are
received as an mput of the direction renderer. For example,
an ipsilateral signal d'I and a contralateral signal d"C on
which the distance rendering i1s performed as the prepro-
cessing step are received as an input of the direction ren-
derer. In this case, the ipsilateral filtering unit of the direction
renderer filters the received ipsilateral signal d'1 with the
ipsilateral transier function to generate the 1psilateral output
signal B'I. Further, the contralateral filtering unit of the
direction renderer filters the received contralateral signal
d"C with the contralateral transfer function to generate the
contralateral output signal B C.

The present invention has been described above through
specific embodiments, but modifications or changes will be
made by those skilled 1n the art without departing from the
object and the scope of the present invention. That 1s, the
present mvention has described an exemplary embodiment
of the binaural rendering on the audio signal, but the present
invention may be similarly applied and extend not only to
the audio signal, but also to various multimedia signals
including a video signal. Accordingly, 11 1t 1s easily inferred
by those skilled 1n the art from the detailed description and
the exemplary embodiment of the present invention, 1t 1s
interpreted to be covered by the scope of the present
invention.

The 1nvention claimed 1s:

1. An audio signal processing apparatus to perform bin-
aural filtering an mput audio signal, the apparatus compris-
ng:

an 1psilateral filtering unit configured to filter the input

audio signal by an 1psilateral transfer function to gen-
crate an 1psilateral output signal; and

a contralateral filtering unit configured to filter the input

audio signal by a contralateral transfer function to
generate a contralateral output signal,

wherein the 1psilateral and contralateral transier functions

are generated based on different transfer functions 1n a
first frequency band and a second frequency band,
wherein the 1psilateral and contralateral transfer functions
of the first frequency band are generated based on a first
transier function, the 1psilateral and contralateral trans-
fer functions of the second frequency band which 1s
different from the first frequency band are generated
based on a second transier function, and the 1psilateral
and contralateral transfer functions 1n a third frequency
band between the first frequency band and the second
frequency band are generated based on a linear com-
bination of the first transfer function and the second
transier function.

2. The apparatus of claim 1, wherein the ipsilateral and
contralateral transfer functions of the first frequency band
are generated based on an mteraural transfer function (ITF)
and the ITF 1s generated based on a value obtained by
dividing an 1psilateral head related transter function (HRTF)
by a contralateral HRTF with respect to the mput audio
signal.

3. The apparatus of claim 1, wherein the ipsilateral and
contralateral transfer functions of the first frequency band
are an 1psilateral HRTF and a contralateral HRTF with
respect to the input audio signal.

4. The apparatus of claim 1, wherein the ipsilateral and
contralateral transfer functions of the second frequency band
which 1s different from the first frequency band are gener-
ated based on a modified interaural transfer function
(MITF), and wherein the MITF 1s generated by modifying
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an interaural transfer function (ITF) based on a notch
component of at least one of an 1psilateral HRTF and a
contralateral HRTF with respect to the mput audio signal.

5. The apparatus of claim 4, wherein the 1psilateral
transier function of the second frequency band 1s generated
based on a notch component extracted from the 1psilateral
HRTF and the contralateral transfer function of the second
frequency band 1s generated based on a value obtained by
dividing the contralateral HRTF by an envelope component
extracted from the 1psilateral HRTF.

6. The apparatus of claim 1, wherein the ipsilateral and
contralateral transfer functions of the first frequency band
are generated based on information extracted from at least
one of an interaural level difference (ILD), an interaural time
difference (ITD), an interaural phase difference (IPD), and
an interaural coherence (IC) of the 1psilateral HRTF and the
contralateral HRTF with respect to the input audio signal for
cach frequency band.

7. The apparatus of claim 1, wherein the transfer functions
of the first frequency band and the second frequency band
are generated based on information extracted from the same
ipsilateral and contralateral HRTFs.

8. The apparatus of claim 1, wherein the first frequency
band 1s lower than the second frequency band.

9. An audio signal processing method to perform binaural
filtering an mput audio signal, the method comprising:

recetving an input audio signal;

filtering the mput audio signal by an 1psilateral transfer

function to generate an 1psilateral output signal; and
filtering the mput audio signal by a contralateral transfer
function to generate a contralateral output signal;
wherein the 1psilateral and contralateral transfer functions
are generated based on different transfer functions 1n a
first frequency band and a second frequency band,
wherein the 1psilateral and contralateral transfer functions
of the first frequency band are generated based on a first
transier function, the 1psilateral and contralateral trans-
fer functions of the second frequency band which 1is
different from the first frequency band are generated
based on a second transfer function, and the ipsilateral
and contralateral transfer functions 1n a third frequency
band between the first frequency band and the second
frequency band are generated based on a linear com-
bination of the first transier function and the second
transfer function.

10. The method of claim 9, wherein the 1psilateral and
contralateral transfer functions of the first frequency band
are generated based on an interaural transier function (ITF)
and the ITF 1s generated based on a value obtained by
dividing an ipsilateral head related transier function (HRTF)
by a contralateral HRTF with respect to the mput audio
signal.

11. The method of claim 9, wherein the 1psilateral and
contralateral transier functions of the first frequency band
are an 1psilateral HRTF and a contralateral HRTF with
respect to the mput audio signal.

12. The method of claim 9, wherein the 1psilateral and
contralateral transfer functions of the second frequency band
which 1s different from the first frequency band are gener-
ated based on a modified interaural transfer function
(MITF), and wherein the MITF 1s generated by modilying
an 1interaural transier function (ITF) based on a notch
component of at least one of an 1psilateral HRTF and a
contralateral HRTF with respect to the mput audio signal.

13. The method of claim 12, wherein the 1ipsilateral
transier function of the second frequency band 1s generated
based on a notch component extracted from the 1psilateral
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HRTF and the contralateral transfer function of the second
frequency band 1s generated based on a value obtained by
dividing the contralateral HRTF by an envelope component
extracted from the ipsilateral HRTF.

14. The method of claim 9, wherein the 1psilateral and
contralateral transfer functions of the first frequency band
are generated based on information extracted from at least
one of an interaural level difference (ILD), an interaural time
difference (I'TD), an interaural phase difference (IPD), and
an interaural coherence (IC) of the 1psilateral HRTF and the
contralateral HRTF with respect to the input audio signal for
cach frequency band.

15. The method of claim 9, wherein the transfer functions
of the first frequency band and the second frequency band
are generated based on information extracted from the same
ipsilateral and contralateral HRTFs.

16. The method of claim 9, wherein the first frequency
band 1s lower than the second frequency band.
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